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We establish strong gravitational lens systems as robust probes of axion-like particles (ALPs) — a
candidate for dark matter. A tiny interaction of photons with ALPs induces birefringence. Multiple
images of gravitationally lensed polarised objects allow differential birefringence measurement, alle-
viating systematics and astrophysical dependencies. We apply this novel method to the lens system
CLASS B1152+199 and constrain ALP-photon coupling ≤ 9.2× 10−11 GeV−1 to 7.7× 10−8 GeV−1
(95% C.L.) for ALP mass between 3.6× 10−21 eV and 4.6× 10−18 eV. A larger sample will improve
the constraints.
Introduction.— Gravitational effects revealed that a
quarter of the energy in the Universe is contained in dark
matter. Its nature remains elusive, as it interacts only
weakly with visible matter. Various particles beyond the
Standard Model have been proposed as dark matter can-
didates [1]. Axions [2, 3] and axion-like particles (ALPs)
are very promising candidates [4–7]. The allowed mass
range for ALPs spans tens of orders of magnitude and
massive efforts are underway to search for their signa-
tures through a multitude of approaches [e.g., 8–11].
A promising direction of ALP searches focuses on its
parity-violating interaction with photons through the
coupling gaγ , causing the left- and right-handed circu-
lar polarisations of light to propagate at different veloc-
ities in the ALP field — the birefringence phenomenon
[12, 13]. Consequently, the plane of polarisation of lin-
early polarised light is rotated with respect to the plane
at emission and the amount of rotation ∆ θa depends on
gaγ . Since the ALP field oscillates in time with period
Ta = 2pi/ma, where ma denotes the ALP mass, ∆ θa also
oscillates and thus allows to measure ma.
ALP induced birefringence is achromatic and ∆ θa can
be measured through observations of suitable linearly
polarised astrophysical systems. For example, indirect
linear polarisation at a wavelength of 1.6µm caused by
scattered light from the parent star in a proto-planetary
disk [14], multi-epoch observations at 2 cm of inherently
linearly polarised synchrotron emission from knots in
parsec-scale jets of active galactic nuclei (AGN) [15],
and E-mode polarisation of the cosmic microwave back-
ground radiation [11, 16] have been used to constrain
ultra-light ALPs. Besides birefringence, alternative ap-
proaches have also been used, such as, interconversion be-
tween photons and ALPs in the presence of background
magnetic fields giving rise to modulations of X-ray spec-
trum of AGN in a cluster [17, 18] and probing gravita-
tional effects of the oscillating ALP field in the pulse time
of arrival from pulsars in a pulsar timing array [19, 20].
In this work we establish strong gravitational lens sys-
tems with polarised sources as a powerful new probe of
ultra-light ALPs via birefringence. Established astro-
physical probes of ALPs heavily rely on assumptions and
modelling, or are limited by instrumental offset and sen-
sitivity [11, 14, 15], and are often sensitive to measure
either gaγ [17] or ma [20]. Broadly speaking, they ad-
dress different aspects — do ALPs exist, and, whether
they are the dark matter. In this work, we show that
spectro-polarimetric observations at GHz-frequencies of
strong gravitational lens systems that produce multiple
images of a polarised source provide a unique advantage
for probing dark matter in the form of ultra-light ALPs.
Multiple images from lensing allow for performing differ-
ential polarisation angle measurements which alleviates
instrumental offsets and does not rely on modelling the
intrinsic astrophysics of the system. Differential mea-
surements facilitates firm estimation of ma and gaγ .
Differential measurements.— Measuring the birefrin-
gence angle is faced with two challenges — (1) accuracy of
instrumental polarisation angle calibration, and, (2) ad-
ditional chromatic birefringence introduced by Faraday
rotation when linearly polarised signals traverse through
magnetised plasma. Although current instruments are
capable of measuring the angle of polarisation to a frac-
tion of a degree, the accuracy of absolute angle measure-
ment is limited to a few degrees due to the accuracy to
which the polarisation angle of astronomical calibrators
are known. The second challenge, Faraday rotation, de-
pends on the photon frequency ν wherein the plane of
polarisation is given as θ(ν) = θ0 + RM (c/ν)
2. Here, θ0
is the angle of the plane of linear polarisation of the po-
larised source, and, RM is the Faraday rotation measure,
the integral of the magnetic field component parallel to
the line of sight weighted by free-electron number density.
The effects of Faraday rotation are vastly reduced by per-
forming observations at high frequencies (> 100 GHz).
However, at these frequencies very few astrophysical sys-
tems give rise to substantial linearly polarised emission.
In most astrophysical sources, linearly polarised emis-
sion at few GHz frequencies directly originates from the
synchrotron mechanism. However, in these frequencies,
Faraday rotation introduces complicated frequency vari-
ation of the linear polarisation parameters, Stokes Q and
U , when polarised signal propagates through turbulent
magnetised media [21]. These frequency variations are
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2captured by polarisation measurements performed over
large bandwidths, and are robustly modelled by applying
the technique of Stokes Q,U fitting. Stokes Q,U fitting
enables determination of the Faraday rotation-corrected
polarisation angle θ0 emitted by a source as one of the fit-
ted parameters [22, 23]. Since the birefringence induced
by the interaction of photons with ALP field is achro-
matic, the measured θ0 = θqso + ∆ θa + δ θcal. θqso is the
intrinsic polarisation angle of a linearly polarised source,
e.g., a quasar, and, δ θcal is the offset angle due to im-
proper calibrations. For observations of a quasar along
a single line of sight, it is unfeasible to determine ∆ θa
without the knowledge of θqso and δ θcal.
Strong gravitational lensing of polarised objects yields
a unique advantage in mitigating the unknown θqso and
δ θcal. Gravitational lensing offers the opportunity to
simultaneously observe time-separated emission from a
source, due to gravitational time delay, as lensed im-
ages. The time-separated images encode the time vari-
ation of the oscillating ALP field at the emitting source
and therefore, the polarisation plane of each lensed im-
ages undergo different amount of birefringence. Com-
paring the polarisation angle of lensed images provide
information on ∆ θa. Polarised signals which were emit-
ted by the source at initial times ti with i = A,B for
the two images A and B are observed simultaneously
at time tobs. The gravitational time delay observed on
Earth ∆tobs = |tA − tB|(1 + zqso), where zqso is the red-
shift of the lensed quasar. By performing Stokes Q,U
fitting separately for each image, the polarisation angles
of image A and B, θ0,A and θ0,B, can be obtained. Both
θ0,A and θ0,B contain the same θqso and δθcal, but dif-
ferent rotation angles, ∆θa,A and ∆θa,B, arising from
the time separation. Therefore, the differential angle
∆ θa,lens = θ0,A − θ0,B = ∆ θa,A − ∆ θa,B does not de-
pend on θqso or δθcal. The significance of the result is
determined by statistical measurement noise. The bire-
fringence in a similar setup was considered to explore the
anomalous coefficient of axion strings [24].
Differential birefringence.— We consider the La-
grangian density for an ALP field a given as,
L = −1
4
FµνF
µν−1
2
∂µa∂
µa+
gaγ
4
aFµν F˜
µν−1
2
m2aa
2, (1)
where Fµν denotes the electromagnetic field strength ten-
sor and F˜µν is its dual. We use the Heaviside-Lorentz
system with ~ = c = 1. The equation of motion for a is
given by the Klein-Gordon equation, solved as,
a(t, xi) =
√
2 ρa(xi)
ma
sin
(
ma t+ δ(x
i)
)
. (2)
Here, xi represents the three spatial coordinates, ρa is the
energy density of the ALP field, and δ is the phase. In-
homogeneities of the ALP field are encoded in the spatial
dependencies of ρa and δ, with δ being constant within
patches of size of the de Broglie wavelength λdB.
The parity-violating coupling term aF F˜ gives rise to
birefringence. As the ALP field oscillates, the birefrin-
gence angle also oscillates in time. When temporal and
spatial variations of the ALP field are much smaller than
the frequency of the photons propagating in the ALP
field, satisfying 10−16(m/10−22 eV)(GHz/ν) 1, the ro-
tation angle is given as [11, 12, 16, 25],
∆ θa =
1
2
gaγ
[
a(tobs, x
i
obs)− a(tem, xiem)
]
. (3)
The subscripts ‘obs’ and ‘em’ indicate the ALP field at
observation and at photon emission, respectively. Thus,
in order to infer gaγ , the field values at emission region
and at observations has to be known or assumed [15].
For ∆ θa measured towards two gravitationally lensed
images A and B, the field a(tobs, x
i
obs) is the same. In
such a case, the differential birefringence angle ∆ θa,lens =
∆ θa,A − ∆ θa,B depends only on the properties of ALP
field in the emitting region and is not affected by the
space-time curvature of the gravitational lens [25]. Thus,
using Eqs. (2) and (3),
∆ θa,lens = K sin
[
ma∆t
2
]
sin (matem + δem − pi/2) . (4)
Here, K in normalized units is,
K = 10◦
[ ρa,em
20 GeV cm−3
]1/2 gaγ
10−12 GeV−1
[ ma
10−22 eV
]−1
.
(5)
We have used ρa,A = ρa,B ≡ ρa,em (the energy density
of the ALP field in the emitting region), and, tem =
(tA + tB)/2 is the mean time of emission. The phase
difference δem is the same for the emitting region. Thus,
the amplitude of the differential birefringence signal de-
pends on the lensing time delay measured in the frame
of the emitting source, ∆ t = |tA − tB|. In Eq. (4),
the sin (ma tem + δem − pi/2) term suggests that ∆ θa,lens
would also oscillate with the same time period as that of
the ALP field determined by ma, but shifted in phase by
90◦. With sufficiently sensitive observations, the oscilla-
tion of ∆ θa,lens can be measured through regular moni-
toring of a lens system and ma can be measured.
Based on a measurement of ∆ θa,lens at a single epoch,
the ratio of the ALP-photon coupling and ALP mass,
gaγ/ma, can be inferred for a given ρa determined
through ancillary measurements. This therefore pro-
vides gaγ over a range of ma. The time-scales in-
volved in the emission, observations, and light prop-
agation determine the range of ALP masses that can
be probed. For a single epoch, ∆ θa,lens is given as,
∆ θa,lens = K sin (ma ∆ t/2) /
√
2, where the factor 1/
√
2
originates from the root mean square of the oscillating
ALP field with a random phase. Note that, in the case
when Ta  ∆t, the values of the field for image A and B
would be close to each other and the differential birefrin-
gence would be negligible. Therefore, the lensing time de-
lay determines the minimum ALP mass (ma = 2pi/∆t) to
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FIG. 1. Schematic of polarisation angle orientations
for the two lensed images of the background quasar in
CLASS B1152+199. The angles θA,i and θB,i (i = 1, 2, and,
12) are used for our calculations. The presented angles are
measured towards East from North of the coordinate axes
shown here. The blobs marked as ‘C1’ and ‘C2’ depict the two
polarised components. The dashed circles show a schematic
spatial resolution of ∼ 30 pc at the distance of the quasar.
The relative shapes and orientations of the components in
the lensed images are different to indicate shearing due to
lensing. The extent of shearing of the components and their
angles are exaggerated for representation and are not to scale.
which a single epoch observation is sensitive. The maxi-
mum ALP mass is determined by the averaging time tavg
of observations in the frame of the lensed object. This
is because, field oscillations on smaller time-scales due
to ALP with ma > 2pi/tavg will be averaged out in the
observations.
When a lens system is regularly observed over a period
of time tmonitor  ∆t, the accessible mass range increases
towards lower ma = 2pi/tmonitor. With sufficiently sensi-
tive observations during the course of the monitoring, the
sinusoidal oscillation of ∆ θa,lens should be observed if ma
is smaller than the corresponding time over which data
are averaged in each of the observations. In the event of
non-detection, limits obtained on ∆ θa,lens could extend
the ruled out parameter space for ALPs as compared to
that obtainable for a single epoch observation. A long
monitoring program corresponds to the limit ma∆t 1,
and from Eq. (4), ∆ θa,lens can be constrained using the
relation ∆ θa,lens = Kma ∆t/2
√
2.
Constraint from CLASS B1152+199.— The lens sys-
tem CLASS B1152+199 is a highly suitable candidate for
probing ALPs and has been studied in detail in the litera-
ture providing relevant information. CLASS B1152+199
is a galaxy gravitational lens system wherein a foreground
star-forming galaxy at redshift zgal = 0.439 lenses a back-
ground linearly polarised quasar at redshift zqso = 1.019
[26, 27]. Using an isothermal sphere mass distribution
model for the lensing galaxy, the best-fit time delay ∆ tobs
is estimated to be 27.8 days [27], which corresponds to
∆ t = 13.3 day in the frame of the quasar [28].
Broad-band polarisation observations of this system,
TABLE I. Best-fit intrinsic polarisation angle of the polarised
emission components in CLASS B1152+199 taken from ta-
ble 1 of [29].
Image Component 1 Component 2
A θA,1 = 32
◦ ± 1◦ θA,2 = −38◦ ± 4◦
B θB,1 = 30
◦ ± 10◦ θB,2 = −20◦ ± 20◦
covering the frequency range 1 to 8 GHz, were performed
using the Karl G. Jansky Very Large Array (VLA) to con-
strain the magnetic field geometry in the lensing galaxy
[29]. The background quasar is lensed into two images,
denoted by image A and B, separated by 1.56 arcsec.
Both images were detected in the VLA observations, and
their polarisation spectra were independently fitted us-
ing the technique of Stokes Q,U fitting [29]. It was found
that the polarised emission of each of the images are com-
posed of two polarisation emitting components which un-
dergo Faraday rotation and depolarisation in the magne-
tised plasma of the lensing galaxy. These polarised com-
ponents, denoted as component 1 and 2, remained unre-
solved in the VLA observations at up to 0.5 arcsec [29].
From milli-arcsec resolution observations [27], these po-
larised components are physically separated by < 30 pc.
The fitted angle of polarisation of each of the polarised
components in the lensed images are presented in Ta-
ble I. We denote the Faraday rotation-corrected angles
with corresponding image and component as subscripts,
i.e., θI,C where I = A,B represents the lensed images and
C = 1, 2 corresponds to the polarised components. A pic-
torial representation of the different polarisation angles
is shown in Fig. 1.
Presence of multiple polarised emission components
in each of the lensed images of the background quasar
provides the advantage of measuring three independent
angle differences for the two lines of sight, i.e, two an-
gle difference of the individual polarised components
∆ θ1 = θA,1 − θB,1 and ∆ θ2 = θA,2 − θB,2, and the
difference of relative angles between the two polarised
components ∆ θ12 = (θA,1−θA,2)− (θB,1−θB,2). Each of
the angle difference measures ∆ θa,lens, and the combined
mean provides the net angle difference between the two
lines of sight. This follows from the fact that emission
from the components within 30 pc is comparable to λdB
for ALP dark matter with ma ∼ 10−20 eV and velocity
dispersion ∼ 100 km s−1.
Differential angle measurements do not depend on the
choice of the coordinate system, except for the sense in
which the difference is calculated. Here, we always mea-
sure angle differences with respect to image A. Because
of periodicity of angles, we apply directional statistics
[30, 31] to compute the mean ∆ θa,lens. As there are
only three independent measures of birefringence angles,
∆ θ1,∆ θ2 and ∆ θ12, we have performed a Monte-Carlo
simulation with 50,000 realizations of θA,1, θA,2, θB,1 and
θB,2, each of which is drawn from a modified Von Mises
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FIG. 2. Distribution of ∆ θa,lens calculated from modified Von
Mises distribution of angles presented in Table I. The red line
shows the location of the median of the distribution, and the
solid and the dashed lines are the 95% and 68% percentile
confidence intervals around the median.
probability distribution function (PDF) of the form,
PDF(θ) =
1
I0(κ)
eκ cos[2 (θ−µ)], for − pi
2
≤ θ ≤ +pi
2
, (6)
to account for the fact that measurements of synchrotron
polarisation are sensitive to the orientation of the polar-
isation plane and not the direction. µ is the measured
angle, κ is the concentration parameter given by the in-
verse square of the respective error of the measured angle
in Table I expressed in radians, and I0 is the modified
Bessel function of order zero.
Fig. 2 shows the PDF of ∆θa,lens = 〈∆θi〉, where i =
1, 2 and 12, computed using weighted circular mean from
random realizations of θA,1, θA,2, θB,1 and θB,2. The in-
verse of the dispersion (σ∆θi) of ∆ θ1,∆ θ2 and ∆ θ12 dis-
tributions were used as their corresponding weights, wi =
σ∆θi . The distribution of ∆ θa,lens is well represented
by a normal distribution. We used the median value of
the distribution and obtain ∆ θa,lens = 1.04
+3.90
−1.80 degree
(68% confidence interval) and ∆ θa,lens = 1.04
+7.67
−5.59 de-
gree (95% confidence interval). These provide the upper
limit |∆ θa,lens| < 4.94◦ at 68% confidence level (C.L.)
and < 8.71◦ at 95% C.L. If uniform weighting (wi = 1)
is used instead, the bounds on |∆ θa,lens| improves by
about 1◦.
A part of ∆ θa,lens could arise due to slight differences
of the geodesics along which the polarised light travels
for the two lensed images and differential gravitational
shearing encountered by the two lensed images. Both
these effects are of the order of the lensing deflection an-
gle [32]. For CLASS B1152+199, the deflection angle is
1.56 arcsec, significantly lower than the measured error
for the angle difference between the two images. Hence,
the contributions of different light travel paths and shear-
ing in ∆ θa,lens are negligible. Further, the total radio
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FIG. 3. Bounds on gaγ obtained from the lensing galaxy
CLASS B1152+199 is shown as the shaded gray areas. The
dash-dotted blue line shows the corresponding constraint that
can be achieved if observations of CLASS B1152+199 are
sampled over ∼ 5 year. The solid and dashed green lines
show the constraint achievable for a sample of 100 and 1000
gravitational lens systems, respectively (see text). The var-
ious ∆ tmax values for maximum time delay in the frame of
the lensed source represent the respective constraints. The
dashed green line is for ∆ tmax = 250 day. The dotted black
line shows the parameter space that can be probed by the
SKA1-MID.
continuum intensity of CLASS B1152+199 at 8.46 GHz
was monitored using the VLA spanning over 7 months
with an average observation spacing of 3.5 days [33]. No
time variability in the intensities of the two lensed images
were observed. This strongly suggests that any changes
in the polarisation angles between the polarised compo-
nents of the two lensed images is unlikely to be due to
intrinsic time variability of the lensed quasar.
Using the estimated limit on ∆ θa,lens, gaγ can be con-
strained using Eq. (4), where ρa,em is the only unknown
quantity. It can be assumed within informed range
when ALPs are the dark matter (see below). For the
CLASS B1152+199 system, ρa,em = 20 GeV cm
−3 is as-
sumed for the host galaxy of the quasar. A factor of
10 offset in the assumed ρa,em would lead to systematic
offset by a factor of ∼ 3 in the values of gaγ .
In Fig. 3, we present our constraint gaγ ≤ 9.2 ×
10−11
(
20 GeV cm−3/ρa,em
)1/2
GeV−1 to 7.7 × 10−8(
20 GeV cm−3/ρa,em
)1/2
GeV−1 at 95% C.L. for ALP
in the mass range 3.6×10−21 eV ≤ ma ≤ 4.6×10−18 eV.
As discussed earlier, the maximal ALP mass these obser-
5vations are sensitive to is determined by the observations
averaging time of 30 minute [29], i.e., tavg = 14.86 minute
corresponding to ma = 4.6 × 10−18 eV. The minimal
ma probed is determined by the time difference ∆t over
which the emission from the lensed images originate.
For CLASS B1152+199, ∆t = 13.3 day corresponds to
ma = 3.6× 10−21 eV.
For a measurement at a single epoch, ma remains
unknown, even if a detection of ∆ θa,lens would be
obtained through sensitive follow-up observations of
CLASS B1152+199. Until such data are available, the
blue dashed-dotted line in Fig. 3 shows the parameter
space that can be probed by the CLASS B1152+199 sys-
tem at 95% C.L. if observations with similar sensitivity
as those of the observations used here are sampled over
about 5 year (see above).
Statistical sample.— Constraints on gaγ probed using
gravitational lensing can be vastly improved for a statis-
tical sample. As this method makes minimal assump-
tions on astrophysical processes, the sample can consist
of any type of lensed system where the lensed object
is polarised. As the signal is measured via simple dif-
ferences, ∆ θa,lens computed for individual lens systems
can be simply combined to compute the mean differen-
tial birefringence angle 〈|∆ θa,lens|〉 of a sample of N lens
systems and reducing the uncertainty by O(1/√N).
In a sample of lensing systems, the time delay ∆t
is a random variable and 〈|∆ θa,lens|〉 is proportional
to 〈| sin (ma∆t/2) |〉, because the variables ρa,em and
∆t are statistically independent. For a random ar-
gument of sin (matem + δem − pi/2), the sample average
〈| sin (matem + δem − pi/2) |〉 = 2/pi. Assuming a uniform
PDF for ∆t ∈ [0,∆tmax], 〈|∆ θa,lens|〉 is given by,
〈|∆θa,lens|〉 = 2gaγ
√
2〈ρa,em〉
pima∆tmax
∆tmax∫
0
∣∣∣∣sin(ma∆t2
)∣∣∣∣d(∆t),
=
4K
pima∆tmax
(2n+ 1− cos ζ) . (7)
Here, ∆tmax is the maximum time delay at the frame
of lensed quasars in the sample of gravitational lens sys-
tems, 〈ρa,em〉 is the sample mean energy density of the
ALP field [34], and K is the same as Eq. (5) except that
ρa,em is replaced with 〈ρa,em〉. The angle ma∆tmax/2 is
expressed as ma∆tmax/2 = npi + ζ, where ζ < pi and
n ∈ Z+ because | sinx| has npi periodicity.
In a statistical sample, the value of the mean birefrin-
gence angle depends on 〈ρa,em〉 which can be inferred
from dark matter density measured in elliptical galax-
ies, which host quasars. The total matter density within
the Einstein’s radii for a sample of elliptical galaxies
have been measured through lensing and stellar kine-
matics [35, 36]. Considering 50% of the mass in ellip-
ticals is contributed by dark matter [37, 38] and ALPs
with ma > 10
−24 eV comprises the entire dark matter
[9], we estimate 〈ρa,em〉 = 25 GeV cm−3 with dispersion
14.5 GeV cm−3. Thus, the constraints on gaγ that can
be obtained from a sample of gravitational lens systems
suffer less systematics as compared to assuming a value
of ρa,em for a single lens system, which, unless measured
for that system, can differ between individual objects.
The solid (dashed) green lines in Fig. 3 show the predic-
tion for a sample of 100 (1000) gravitational lens systems
having different values of ∆tmax in the frame of the lensed
object for 〈ρa,em〉 = 20 GeV cm−3. Due to the large sam-
ple size, the sensitivity in measuring the birefringence
angle improves by a factor of 10 (32) over the value ob-
tained for CLASS B1152+199. The Phase 1 of the Square
Kilometre Array-MID (SKA1-MID) is expected to detect
about 105 strong gravitational lens systems [39]. Assum-
ing that 5% of the systems will be polarised, we compute
the parameter space that can be probed to constrain gaγ
and is shown by the space above the dotted black line in
Fig. 3. For all the expected constraints using different
statistical samples, we have extrapolated using the 95%
C.L. bound obtained for CLASS B1152+199 and for the
SKA1-MID we used a factor of 10 better sensitivity as
compared to that of the VLA [40].
Future prospects.— For the ALP mass range probed
in this work, the strongest constrain on gaγ is obtained
using an alternate approach of investigating modulations
of the photon spectrum in the X-ray waveband of AGN
in a cluster galaxy due to ALP-photon conversion in-
duced by the cluster’s magnetic fields [17]. The upper
limit gaγ < 1.4 × 10−12 GeV−1 (95% C.L.) depends on
astrophysical parameters, such as, structural properties
of magnetic fields, free-electron density, and a model of
the AGN’s X-ray spectrum. The parameter space that
can be probed by lensing using the SKA1-MID will im-
prove upon existing bounds on gaγ by almost two orders
of magnitude for the mass range 10−22 to 10−20 eV and
by up to an order of magnitude in the mass range 10−20
to 10−19 eV [11, 17].
We have established differential birefringence from
strong gravitational lensing as a new robust probe of
ultra-light ALPs. In contrast to the existing limit on gaγ ,
constraints (and perhaps detection) of ALP from differ-
ential birefringence measurements would be independent
of astrophysical parameters. Future broad-bandwidth ra-
dio polarisation observations of gravitational lensing sys-
tems using sensitive radio frequency observations, such as
using the SKA or the VLA, will play consequential role
in our quest to understand the nature of dark matter.
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